The recently developed dynamic jaw technology of tomotherapy can reduce craniocaudal dose spread without much prolonging the treatment time. This study aimed to investigate the efficacy of the dynamic jaw mode for tomotherapy of breast cancer. Static tomotherapy plans of the whole breast and supraclavicular regional lymph nodes, and plans for the whole breast only were generated in 25 patients with left-sided breast cancer. Plans with a field width of 2.5 or 5 cm with the dynamic or fixed jaw modes were made for each patient. The prescribed dose was 50 Gy in 25 fractions. In whole breast and supraclavicular nodal radiotherapy, dose distributions and homogeneity of the planning target volume (PTV) with the dynamic jaw mode were slightly inferior to those with the fixed jaw mode with a 5-cm field width (P < .05). However, lung low-dose volumes and mean doses of the larynx, thyroid, skin, and all the healthy tissues combined were smaller with the dynamic jaw mode than with the fixed jaw mode with a 5-cm field width (P < .001). In whole breast radiotherapy, mean doses of the skin and healthy tissues were lower with the dynamic jaw mode than with the fixed jaw mode with a 5-cm field width (P < .001) without significant differences in PTV dose distributions, homogeneity, and conformity. The dynamic jaw mode provided better sparing of organs at risks with minimal disturbance of dose-volume indices of PTV. Considering the treatment time, the 5-cm-field dynamic jaw mode is more efficient than the 2.5-cm fixed jaw mode.
Introduction
Whole breast radiotherapy is proven to be effective for reducing the risk of locoregional recurrence in patients undergoing lumpectomy for early stage breast cancer. 1 Whole breast and supraclavicular nodal radiotherapy is beneficial in reducing the locoregional recurrence risk, especially in patients with !4 positive lymph nodes. 2 Recently, intensity-modulated radiation therapy (IMRT) is increasingly used for patients with breast cancer to improve planning target volume (PTV) dose homogeneity and reduce doses to the organs at risk (OARs). Several studies reported that IMRT reduced the adverse events of the skin as compared with conventional radiation therapy. [3] [4] [5] Tomotherapy is considered one of the suitable IMRT modalities for breast cancer. [6] [7] [8] [9] However, helical tomotherapy plans produce larger low-dose volumes of the other OARs compared with plans with conventional techniques. 6, 7 The static tomotherapy delivery mode (TomoDirect) can reduce doses to the contralateral breast and low-dose irradiated volume in the lung for patients with breast cancer. [8] [9] [10] With the conventional fixed jaw mode of tomotherapy, the craniocaudal dose penumbra is a concern; this problem can be partly solved by using a narrower jaw width, but treatment time becomes much longer. More suitable compromise between craniocaudal dose spread and treatment time may be the use of the recently developed dynamic jaw technology with dynamic adaptation of field width at cranial and caudal edges of a target. [11] [12] [13] [14] This dynamic jaw mode of tomotherapy was recently introduced in our institution first in Japan. Figure 1 shows the difference between the dynamic jaw and conventional fixed jaw (constant field width) modes. The dynamic jaw mode can be used in conjunction with both helical and static tomotherapy delivery modes. The purpose of this study was to investigate the efficacy of the dynamic jaw mode for static tomotherapy of breast cancer.
Materials and Methods

Patients and Computed Tomography Simulation
Twenty-five patients who had been irradiated for a primary left-sided breast cancer after lumpectomy were selected for the present study. Written informed consent had been obtained from all patients regarding their treatment and possible use of their data for research purposes. Computed tomography (CT) scans were performed with a slice thickness of 3.2 mm using a 4-row multidetector CT (Mx8000; Philips Medical Systems, Best, the Netherlands) in the supine position under free but shallow breathing as described previously. 15, 16 The CT images were reconstructed with a 2.5-mm thickness. The CT simulation and contouring data sets were transferred to the tomotherapy planning station via a Digital Imaging and Communications in Medicine -Radiation Therapy (DICOM-RT) protocol.
Planning Target Volume and OAR Definition and Contouring
The PTV and OARs were contoured on the CT images using the Pinnacle 3 treatment planning system (Philips Medical Systems, Best, the Netherlands). The clinical target volume was not defined. The PTV for whole breast radiotherapy including the chest wall with the pectoralis muscle, chest wall muscles, and ribs, and excluding the outermost 3 mm from the superficial skin surface, covered the superior border at the base of the sternal manubrium joint and the inferior border at 1 cm below the inframammary line. The medial border was usually the sternum, and the lateral border was the midaxillary line. The PTV for whole breast and supraclavicular nodal radiotherapy included the supraclavicular, infraclavicular, axillary, apical lymph node areas, and the ipsilateral internal mammary nodes in addition to the PTV for whole breast radiotherapy. 17 Delineated OARs were the ipsilateral, contralateral, and bilateral lungs, esophagus, spinal cord, heart, contralateral breasts, stomach, skin, larynx, thyroid gland, trachea, and all the healthy tissues combined. The skin was defined as the volume with a depth of 3 mm from the external surface which was automatically outlined from 2 cm below to 2 cm above the PTV in the craniocaudal direction. The esophagus was contoured from 2 cm below the base of the sternal manubrium joint to 2 cm above the PTV in the craniocaudal direction. The spinal cord and stomach were contoured from 2 cm below to 2 cm above the PTV in the craniocaudal direction. All the healthy tissues combined were defined as the volume of the planning CT set minus the PTV.
Treatment Planning
Treatment plans were created and optimized with the TomoTherapy version 5.0.1 treatment planning station (Accuray, Inc, Sunnyvale, California). Details of the inverse planning algorithm used, the optimization method, and several parameters associated with the optimization in the tomotherapy planning station have been described previously. 10, 18, 19 Treatment plans of the whole breast and supraclavicular regional lymph nodes, and plans for the whole breast only were generated with the static tomotherapy delivery. Whole breast and supraclavicular nodal radiotherapy was planned with 6 gantry angles. Whole breast radiotherapy was planned with 2 gantry angles. On the outer edges, we expanded the beam angle for 3 leaves (1.875 cm) for the respiratory motion. Plans with a field width of 2.5 or 5 cm with the dynamic or fixed jaw modes were made for each patient. The 5-cm field plans were generated with a pitch of 0.5, and the 2.5-cm field plans were generated with a 0.25 pitch. A modulation factor was determined as 2.0, and an actual modulation factor ranged from 1.780 to 2.039 (median 1.894). Maximum dose and dose-volume histogram objectives were defined and regulated during optimization for PTVs and OARs with differential penalties to obtain uniform and adequate PTV coverage with maximum OAR sparing.
Definition and Comparison of Dose-Volume Indices
The prescribed dose was defined as the mean dose of the PTV (Dmean). The prescribed dose was 50 Gy in 25 fractions. As dose constraints for the PTV, (1) D95% > 90% of the prescribed dose, (2) D2% < 107% of the prescribed dose, and (3) V90% > 95% were satisfied. Dx% was defined as the minimum dose delivered to x% of the PTV and OARs. Vx% was defined as the percentage of the PTV and OARs receiving at least x% of the prescribed dose. The Vx Gy represented the percentage of the PTV and OAR volume receiving x Gy. Differences in Dmean between plans with a field width of 2.5 and 5 cm with the dynamic and fixed jaw modes were adjusted within 0.2 Gy for whole breast and supraclavicular nodal radiotherapy, and within 0.1 Gy for whole breast radiotherapy.
Conformity index (CI) was calculated according to the following formula to evaluate the target dose conformity.
20,21
Conformity index CI
where TV ¼ PTV volume, TV RI ¼ target volume covered by the 95% isodose line, and V RI ¼ volume encompassed by 95% isodose line. An ideal CI is 1.
Homogeneity index (HI) was calculated by the following formula to evaluate the target dose homogeneity. 22 
Homogeneity index HI
Comparisons of dose-volume parameters of the PTV and OARs and treatment time between plans with a 2.5-or 5-cm field width with the dynamic or fixed jaw modes were carried out using the factorial analysis of variance (ANOVA) followed by the Bonferroni/Dunn post hoc test. All statistical analyses were performed using StatView 5.0 (SAS Institute Inc, Cary, North Carolina). Statistical significance was defined as P .05. All planning and evaluation were performed by one radiation oncologist (CS). All doses evaluated were calculated physical doses on the planning workstation.
Results
Plans for the Whole Breast and Supraclavicular Regional Lymph Nodes
Representative dose distributions of plans for the whole breast and supraclavicular regional lymph nodes are shown in Figure 2 . Table 1 summarizes the dose-volume parameters and treatment times of plans of whole breast and supraclavicular regional lymph nodes with a field width of 2.5 or 5 cm with the dynamic or fixed jaw modes in 25 patients. For the PTV, D2% (P < .001), D95%, and HI (P < .05) with the dynamic jaw mode were slightly inferior to those with the fixed jaw mode with a 5-cm field width. D2% and HI with a 5-cm field width were slightly inferior to those with a field width of 2.5 cm. With a 5-cm field width, V5 Gy of the left lung, V5 Gy of the bilateral lungs, Dmean of the larynx, Dmean of the thyroid, Dmean of the skin, and Dmean of all healthy tissues were smaller with the dynamic jaw mode than with the fixed jaw mode (P < .001). D2% of the spinal cord with the dynamic jaw mode was higher than that with the fixed jaw mode (P < .01); however, Dmean of the spinal cord with the dynamic jaw mode was lower than that with the fixed jaw mode (P < .05). With a 2.5-cm field width, Dmean of the skin (P < .001), Dmean of the larynx (P < .01), Dmean of the thyroid, and Dmean of all healthy tissues (P < .05) were lower with the dynamic jaw mode than with the fixed jaw modes. The use of a 5-cm width instead of 2.5 cm reduced the treatment time by approximately 40%. The use of the dynamic jaw instead of the fixed jaw prolonged the treatment time by approximately 6%. Figure 3 shows representative dose distributions of plans for the whole breast. Table 2 shows the dose-volume parameters and treatment times of plans for whole breast with a 2.5-or 5-cm field width with the dynamic or fixed jaw modes in 25 patients. For the PTV, D95%, Dmean, D2%, CI, and HI were similar in the 4 plans. With a 5-cm field width, Dmean of the skin and all healthy tissues were lower with the dynamic jaw mode than with the fixed jaw mode (P < .001). With a 2.5-cm width, Dmean of all of the healthy tissues (P <.001) and Dmean of the skin (P < .01) were lower with the dynamic jaw mode than with the fixed jaw mode. Dmeans of the contralateral lung, contralateral breast, spinal cord, esophagus, and trachea were less than 1 Gy; therefore, doses to these OARs were considered clinically negligible. No dose-volume parameters were inferior in the 5-cm dynamic jaw plans to those in the 2.5-cm fixed jaw Abbreviations: cmW, cm field width; Fix, fixed jaw mode; Dyn, dynamic jaw mode; Tissues, all healthy tissues combined. a Versus 2.5 cmW Fix (P < .001). b Versus 2.5 cmW Dyn (P < .001). c Versus 5 cmW Fix (P < .001). d Versus 5 cmW Dyn (P < .001). e Versus 2.5 cmW Dyn (P < .05).
Plans for the Whole Breast
f Versus 2.5 cmW Fix (P < .05). g Versus 5 cmW Fix (P < .05). h Versus 2.5 cmW Dyn (P < .01). i Versus 2.5 cmW Fix (P < .01). j Versus 5 cmW Dyn (P < .05). 
Discussion and Conclusion
To our knowledge, this is the first study that evaluated the efficacy of the dynamic jaw mode with static tomotherapy delivery mode for breast cancer treatment. Compared to the fixed jaw mode, the dynamic jaw mode enabled to reduce the doses of some OARs. The dynamic jaw mode seemed to be more effective for the plans of the whole breast and supraclavicular regional lymph nodes compared with the plans of the whole breast in reducing the number of OARs for which radiation doses could be lowered. For this purpose, the dynamic jaw mode was more effective for the 5-cm plans as compared with the 2.5-cm plans. Although D2%, D95%, and HI of the PTV with the dynamic jaw mode were slightly inferior to those with the fixed jaw mode with a 5-cm field width, the differences in the dose-volume indices for the PTV seemed to be clinically acceptable. The slight deterioration of dose-volume indices of the PTV using the dynamic jaw mode with a 5-cm field width for the plans of the whole breast and supraclavicular regional lymph nodes may be caused by sharply cutting the craniocaudal edges of the PTV and should be taken into account in treatment planning. The doses of the skin and all the healthy tissues with the dynamic jaw mode were significantly lower than those with fixed jaw modes in both plans of the whole breast with supraclavicular regional lymph nodes and plans of the whole breast. With the dynamic jaw mode, the reduction of doses to the skin and all the healthy tissues would be owing to the decrease in the craniocaudal dose penumbra by sharply cutting the craniocaudal edges of the PTV. The reduction of skin dose might reduce the adverse events of the skin and might improve quality of life, pain scores, and cosmesis. 3, 4 The reduction of doses to all the healthy tissues combined might reduce the possibility of second malignancies owing to larger volumes of normal tissues exposed to lower radiation dose. In the plan of the whole breast and supraclavicular regional lymph nodes, the low-dose volumes of the lungs were lower with the 5-cm dynamic jaw mode than with the fixed jaw modes. The reduction of the lung volume receiving lower dose may reduce the possibility of radiation pneumonitis. 23 Although helical tomotherapy is an excellent treatment modality enabling precise and sophisticated IMRT, relatively long time required for daily treatment has been considered to be a drawback of conventional mode of tomotherapy. It has been reported that attempts at reducing the treatment time by shortening the time for positioning and registration, changing the pitch, and limiting the use of 1-cm field width resulted in shortening the overall time by 7.7 minutes on average. 24 In the present study, the dynamic jaw mode prolonged the treatment time by 5% to 6% compared to the fixed jaw mode of the same size. This is due to the relatively slower couch speed in the dynamic jaw mode to keep acceptable dose distribution at the craniocaudal edges of the PTV. However, the treatment time was much shorter compared to the smaller field treatment while the dose distributions were comparable or not much inferior. Using the dynamic jaw mode with a wider field width would contribute to further reducing the time while maintaining the treatment quality.
This study has several limitations. First, only the dynamic jaw mode was applied in this study with no use of the dynamic couch delivery, [11] [12] [13] because the latter mode is not yet available. If the dynamic jaw and dynamic couch delivery is applied, the doses of the OARs existing at the level of the PTV (eg, the lung and heart) are expected to be reduced, but the treatment time is estimated to be prolonged. Second, the candidates of this study were limited to patients with left-sided breast cancer similar to previous studies, because the heart was considered to be one of the most important OARs. 7, 8 The dose of the liver might possibly be affected if the patients with right-sided breast cancer are evaluated. Third, comparison with conventional radiotherapy and IMRT using a linear accelerator was not carried out in this study. Reducing the craniocaudal dose penumbra by sharply cutting the craniocaudal edges of the PTV with the dynamic jaw mode may produce more favorable dose distribution compared to the methods using a linear accelerator. Further investigation is warranted.
In conclusion, for postoperative breast irradiation with static tomotherapy, the dynamic jaw mode was effective in reducing the treatment time and the doses of OARs in both of the plans of the whole breast with supraclavicular regional lymph nodes and those of the whole breast. Slight deterioration of dosevolume indices of the PTV using the dynamic jaw mode with a 5-cm field width was found for the plans of the whole breast and supraclavicular regional lymph nodes, but it seemed to be clinically acceptable.
